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RESUMEN
(QHVWH WUDEDMR VHPRGL¿Fó XQGLVHxRH[SHULPHQWDOSUHH[LVWHQWHSDUDFODVL¿FDU íntegramente los efectos 
térmicos de un rayo láser que se propaga en el aire. Las mejoras incorporadas al diseño previo incluyeron un 
láser más potente, un sistema de formación de turbulencias de alta precisión, un sensor de presión integrado, 
y una plataforma para ajustar la altura entre el rayo láser y el modelo de turbulencia. Este diseño no sólo 
puede reproducir resultados previos con exactitud, sino que además permitió la medición exitosa de nuevos 
datos sobre la intensidad de la turbulencia C 2n, la varianza de Rytov (cintilación) y el diámetro de coherencia 
(parámetro de Fried). Los interferogramas resultantes se analizaron utilizando transformadas rápidas de Fou-
ULHU/RVUHVXOWDGRVFRQ¿UPDQGHQWURGHOUpJLPHQGH.ROPRJRURYTXHODVÀXFWXDFLRQHVHQIDVHHLQWHQVLGDG
se incrementan en relación con la temperatura. La región turbulenta mostró perturbaciones muy intensas, en 
el rango de 1.1 × 10–12 m–2/3 a 2.7 × 10–12 m–2/3. A pesar de la intensidad de la turbulencia, con relación a la 
cintilación se demostró algo diferente, ya que la condición para un entorno de turbulencia débil se determinó 
en el laboratorio y se esperaba un bajo índice de cintilación. Esto es resultado de las distancias de propaga-
ción relativamente cortas obtenidas en el laboratorio. En la atmósfera abierta las trayectorias cubren grandes 
distancias y, para determinar los efectos de la turbulencia, el modelo debe generar turbulencias de mayor 
LQWHQVLGDG'HHVWDPDQHUDHOPRGHORGHPRVWUyVXFDSDFLGDGSDUDFXDQWL¿FDU\GHWHUPLQDUSOHQDPHQWHORV
efectos térmicos de la turbulencia en un rayo láser en propagación. 
ABSTRACT
,QWKLVZRUNZHKDYHPRGL¿HGDQH[LVWLQJH[SHULPHQWDOVHWXSWRIXOO\FODVVLI\WKHWKHUPDOHIIHFWVRQDODVHU
beam propagating in air. Improvements made to the setup include a new, more powerful laser, a precision 
designed turbulence delivery system, an imbedded pressure sensor, and a platform for height adjustability 
between the laser beam and the turbulence model. The setup was not only able to reproduce previous results 
exactly but also allowed new data for the turbulence strength C 2n, the Rytov variance (scintillation) and the 
coherence diameter (Fried’s parameter) to be successfully measured. Analysis of the produced interferograms 
KDVEHHQGLVFXVVHGXVLQJIDVW)RXULHUWUDQVIRUPV7KHUHVXOWVFRQ¿UPZLWKLQWKH.ROPRJRURYUHJLPHWKDW
SKDVHDQGLQWHQVLW\ÀXFWXDWLRQVLQFUHDVHUHODWLYHWRWHPSHUDWXUH7KHWXUEXOHQWUHJLRQH[KLELWHGYHU\VWURQJ
disturbances, in the range of 1.1 × 10–12 m–2/3 to 2.7 × 10–12 m–2/3. In spite of the strong turbulence strength, 
scintillation proved otherwise, since the condition for a weak turbulence environment was determined in the 
laboratory and a low scintillation index was to be expected. This is as a result of the relatively short propa-
gation distances achieved in the laboratory. In the open atmosphere, path lengths extend over vast distances 
and in order for turbulent effects to be realized, the turbulence model must generate stronger turbulence. The 
model was, therefore, able to demonstrate its ability to fully quantify and determine the thermal turbulence 
effects on a propagating laser beam.
.H\ZRUGV Rytov variance, thermal turbulence, Fried´s parameter, scintillation index, laser beam propaga-
tion, turbulence strength.
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1. ,QWURGXFWLRQ
Theories relating to atmospheric turbulence have 
been studied over many decades in order to better un-
derstand the impact of turbulence on the propagation 
of a laser beam through the atmosphere (Tatarskii, 
1961). Turbulence can be described as the random 
mixing of air particles in the atmosphere due to either 
rapid or small-scale spatial and temporal refractive 
LQGH[ÀXFWXDWLRQV LQ WHPSHUDWXUH ,VKLPDUX
Shaik, 1988). Although slight variations in tempera-
ture can cause changes in the refractive index of air 
RIWKHRUGHU.WKHDFFXPXODWLYHHIIHFWRI
such inhomogeneities expanding over vast distances 
SRVHV VLJQL¿FDQWFKDOOHQJHV IRU ODVHUEHDPSURSD-
gation (Baak, 1969; Prod’homme, 1969). Research 
has shown that refractive index fluctuations of 
WKHDWPRVSKHUHDUHVLJQL¿FDQWQHDUWKHVXUIDFHRIWKH
earth and negligible at higher altitudes (Andrews and 
3KLOOLSV7KHVHUHIUDFWLYHLQGH[ÀXFWXDWLRQV
cause random phase perturbations of the laser beam 
that can lead to beam distortion (Chatterjee and 
Fathi, 2014). In addition, laser propagation through 
turbulent media can result in scintillation (Federico 
et al., 2004), beam wander (Berman et al., 2007) and 
beam spreading (Weichel, 1990). The extent to which 
these factors affect the beam depend largely on the 
varying nature of the turbulent eddies that exist at 
VHYHUDODOWLWXGHV.QRZOHGJHRIWKHVHHIIHFWVDWWDLQHG
over the years, has been used notably in the domains 
of military (Titterton, 2005), radar (Mead, 1990), re-
mote sensing (Shin, 1989), satellite communications 
(Ojo et al., 2008) and medical diagnostics (Ibrahim, 
2007; Lonappen, 2007). This paper presents new 
PRGL¿FDWLRQVWRDPRGHOXVHGE\1GORYXDV
LWKDVSURYHQWREHUREXVWFRVWHI¿FLHQWDQGVWDEOHLQ
detecting and fully quantifying the effects of thermal 
turbulence on laser beam propagation in air. The pre-
vious method used a cigarette lighter as a turbulence 
source but this led to non-uniform heat distribution 
over a very small area (Ndlovu, 2013). In this work 
we have thus employed an automated heating plate 
for the turbulence re-creation. The design of the tur-
bulence generator incorporates an aluminum panel 
with multiple high-powered resistors arranged on 
the underside to provide consistent heating above. In 
addition, a pressure sensor was positioned within the 
WXUEXOHQWUHJLRQWRGHWHUPLQHDQ\SKDVHÀXFWXDWLRQV
resulting from a change in pressure. The high sensi-
tivity of the device allowed only slight variations in 
pressure change to be detected between the turbulent 
and non-turbulent regions. The primary light source 
used in this work was a green continuous wave He-
Ne 532 nm laser. To determine the effect of thermal 
turbulence on laser beam propagation, a complete 
analysis of the produced interferograms at various 
temperatures has been discussed using image analysis 
software. Furthermore, the turbulence strength C 2n, 
the Rytov variance (scintillation) and the coherence 
diameter (Fried’s parameter) have been determined 
in the laboratory and shown to coincide well with 
published values.
2. 7KHRU\
5DQGRPÀXFWXDWLRQV LQ WKHUHIUDFWLYH LQGH[RI WKH
atmosphere alter the propagation pathway of light 
beams, which in turn effects their initial phase fronts. 
Once light propagates through a turbulent atmo-
sphere, the phase fronts become distorted and expe-
rience random changes in the beam direction (beam 
ZDQGHU DVZHOO DV UDQGRP LQWHQVLW\ ÀXFWXDWLRQV
(scintillation) (Berman et al., 2007). Scintillation 
FDQEHFODVVL¿HGDVWKHÀXFWXDWLRQVH[SHULHQFHGLQ
the received irradiance when light beams propagate 
through a turbulent atmosphere (Churnside and 
Lataitis, 1990). Measuring certain observations in 
the laboratory allows the scintillation to be calculated 
from (Andrews and Phillips, 1988)
σ 2R = 1.23C2n k
7
6 L
11
6  (1)
where C 2nLVWKHUHIUDFWLYHLQGH[VWUXFWXUHFRHI¿FLHQW
k is the wavenumber and L is the propagation path 
length. The wavelength and path length are measured 
in the laboratory and C 2n is thereafter inferred.
Propagation of the beam through turbulent 
conditions has shown that it undergoes a loss 
of coherence, focus and beam spread (Chernov, 
1967; Esposito, 1967). The extent to which scin-
tillation and beam wander occur depends largely 
on the combination of temperature, wind velocity 
and convection factors (Titterton, 1973). The key 
to obtaining information about the way in which 
beams are affected by turbulence is to determine 
WKHUHIUDFWLYHLQGH[VWUXFWXUHFRHI¿FLHQWC2n given 
by (Andrews and Phillips, 1988)
C 2n = 79.0 × 10− 6
p
T2
C2T( )  (2)
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with
C2T = < (T1 − T2)2 > r− 1/ 3 (3)
where p is the atmospheric pressure in millibars and 
< > represents the ensemble average. C 2T is a mea-
VXUDEOHTXDQWLW\GH¿QHGE\WHPSHUDWXUHGLIIHUHQFHV
T1 and T2, between two reference points separated 
by a distance r. C 2n is a parameter which changes as 
a function of altitude and alters the behavior of the 
aberrations. The following characterizes the optical 
energy of the turbulence and measures the atmospher-
ic turbulence contributions for a wave that propagates 
through it. As C 2n increases, so does the effect of the 
aberration. Typically, C 2n decreases in relation to al-
titude (Andrews and Phillips, 1988). The refractive 
LQGH[VWUXFWXUHFRHI¿FLHQWDORQHSURYLGHVDGHTXDWH
information about the turbulent region and typically 
ranges from 10–17 m–2/3 or less for weak turbulences 
to 10–13 m–2/3 or more for strong turbulence (Andrews 
and Phillips, 1988; Weichel, 1990).
Advances made by Strohbehm (1978) have shown 
methods of determining the phase structure function 
Ds, beam size W and the coherent intensity of the 
beam. These expressions are useful for modeling the 
intensity of the laser beam propagating through an 
inhomogeneous medium and incident on a distant 
target. As the laser beam propagates through turbulent 
media, there is a redistribution of its intensity, which 
may be determined according to Strohbehm (1978), as
I(ρc, z) = A202
W 20
W 2
exp(−αEz ſ) ∞
0
t J0(t ρ ')
×exp − t2−
1
2
Dst5/ 3 dt[( ] )
 (4)
where A0 is the uniform amplitude of the plane laser 
wave, W0 the Gaussian beam size, J0WKH¿UVWRUGHU
Bessel function, ȡ the transverse distance from the 
beam, W the beam size at z, and where z lies within 
the domain
(0.39C2n k2 l
5/3
0 )
− 1 >> z << (0.39C 2n k2L
5/3
0 )
− 1 (5)
Particular emphasis is placed on the phase struc-
ture function as it represents a measure of the phase 
correlation between two points in a plane traversing 
perpendicularly to the direction of propagation. The 
phase structure function Ds and atmospheric coher-
ence diameter r0 are given by Strohbehm (1978) and 
Magee (1993),
Ds = 2.91C 2n r 5/3 z 1− 0.8
2π r
L0
1/ 3( [ ] ) (6)
and
r0 = 0.185
λ¯ 2
z
0C∫ 2n (ξ ) dξ
3/5( )  (7)
with r being the separation between the inner and 
outer scales, z the propagation path length, and λ¯  the 
wavelength of the laser beam. The coherence diam-
eter is a measure of the quality of the optical signal 
through the atmosphere (Magee, 1993). Typical val-
ues of r0 at a good observatory range between 5 to 20 
cm and depend largely on the visibility conditions. 
The highly stochastic nature of the atmosphere de-
termines the seeing strength (Magee, 1993). At high 
altitude, turbulent effects are relatively weak, which 
results in unaffected optical imaging effects. Such 
conditions infer good visibility conditions. However, 
closer to the ground, visibility conditions worsen and 
can be attributed to weather conditions, as well as the 
highly turbulent atmosphere.
3. 'HVFULSWLRQ RI WKH FRPSRQHQWV
We consider a laser beam propagating through an 
inhomogeneous medium. The laser beam propa-
gates through the following optical components: 
a microscope objective lens, the turbulence model 
and pressure sensor, a series of collimating lenses, a 
VSDWLDO¿OWHUDSRLQWGLIIUDFWLRQLQWHUIHURPHWHUDQG
¿QDOO\LVFDSWXUHGRQDFDPHUD7KHFDPHUDDFWVDV
a detector to take photographs of the interferograms 
and display the interference pattern on a monitor. The 
entire setup is mounted on height-adjustable rails to 
vary the separation between the laser beam and the 
turbulence generator. The lowest height setting has 
been used in this work, corresponding to a separation 
of 28 mm between the laser beam and the turbulence 
source. Figure 1 presents a schematic diagram of the 
apparatus showing the complete optical train.
3.1 The laboratory, granite table and optical bench
The experiment was assembled on a 1.2 × 2.5 m gran-
ite tabletop which presented a stable platform that 
protected the components from bumps and knocks 
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as well as internal and external vibrations caused by 
the local environment. The experiment took place 
in a 5 × 5 m dark room and was structurally closed 
off from the outside environment as there were no 
windows or ventilation outlets.
3.2 The dovetail rail
A 91.44 cm Edmund dovetail v-block rail (model 
No. 54-402) was used for the main receiver train. 
The rail was divided into three sections to allow 
better alignment of the optical components and, more 
importantly, to provide space for the inclusion of the 
turbulence model. A 60.96 cm rail was used to hold 
the collimating lenses and two 15.24 cm sections, 
one for the light source assembly and the other for 
the camera assembly. All the rails were supported by 
DQGVFUHZHGGRZQRQWR¿YHîPPEHQFK
plates manufactured by Edmund (model No. 53936). 
These bench plates had a 13 mm thickness. Each 
bench plate was drilled with M6 holes arrayed on a 
pitch of 25 mm. This helped in aligning the optical 
components with the light source.
3.3. The light source and neutral density ¿lter
A 5 mW laser with a 532 nm wavelength was mount-
ed in conjunction with a microscope objective and 
collimating lens of 160 mm focal length. The micro-
scope objective reduces the beam diameter to 1/20 of 
its original size. The collimating lens adjusts the beam 
diameter to 25 mm. The light source assembly con-
sisted of a laser diode, a plastic aspheric collimator 
and a holographic diffuser. The plastic collimator and 
the holographic diffuser were mounted in separate 
25 mm T-mount cells. The light source assembly 
was mounted on a micro-optical bench, which was 
glued onto a 6" dovetail rail to avoid movements and 
YLEUDWLRQV IURP WKH VXUURXQGLQJV$ UHÀHFWLYH
QHXWUDOGHQVLW\¿OWHURIîPPRSWLFDOGHQVLW\
with 1.5 mm thickness manufactured by Edmund 
optics (model No. 46126) was placed just in front 
RI WKH OLJKW VRXUFH7KLV UHÀHFWLYH¿OWHU KHOSHG LQ
reducing the laser beam intensity and eliminated 
stray-light artifacts so that clear and bright interfer-
ograms were produced for analysis. The automated 
turbulence model was introduced within a 200 mm 
gap between the light source assembly and the main 
receiver train.
3.4 The collimators
Three collimating lenses of 200 mm focal length 
were housed inside a 121.5 mm-long collimator 
holders and placed on a 60.96 cm dovetail rail. The 
collimating lenses were moved back and forth that 
the laser beam was focused, and this also served the 
purpose of reducing the effects of beam wander and 
beam spreading. The focus was adjusted by noting 
the size of the beam formed on the point-diffraction 
interferometer (PDI) plate. A focused beam is neces-
sary as the PDI plate presents on its surface a point 
discontinuity in the form of a pinhole through which 
the laser beam enters.
3.5 The point-diffraction interferometer
A PDI manufactured by Astro Electronics was used 
in this work. It consisted of 55 pinholes, which were 
distributed on an array of 1 mm pitches. The PDI was 
mounted on an Edmund XYZ stage together with 
the carrier cell. There were three adjustments on the 
XYZ stage that were used to locate the laser beam so 
that it could pass through the PDI pinhole. The PDI 
Granite table
Height adjustable
rails
Laser Turbulence model
Spatial filter
Collimating lenses
Monitor
Camera
HDMI cable
PDIPressuresensor
Neutral 
density filter
Fig. 1. Two-dimensional side view of the complete optical train with height-adjustable rails.
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was mounted between the third collimator and the 
camera assembly so that the beam could pass through 
the pinhole and form interferograms that would be 
detected by the camera.
3.6 The camera
While it may be necessary to use a monochrome 
video camera with a substantial frame-rate, a much 
more feasible alternative is to use an ordinary digital 
VLQJOHOHQVUHÀH['6/5FDPHUDVXFKDVWKH1LNRQ
D3100. The DSLR camera features a live view mode 
with a very high resolution, which was necessary 
for this work. An external power supply was added 
since the Nikon batteries run down fairly quick. The 
camera was mounted on a 15.24 cm dovetail rail and 
KHOGGRZQE\DVWUDSGRZQEDU,WZDVPRGL¿HGWR
accommodate an Edmund lens holder, which in turn 
housed a double lens of 150 mm focal length.
3.7 The display monitor
$6DPVXQJLQFKKLJKGH¿QLWLRQ+'PRQLWRUZDV
used to display the live video feed since it allowed 
a direct HD connection from the Nikon D3100. An 
HD monitor is necessary since the displays are crisp 
and allow easier visual inspection of the produced 
interferograms.
3.8 The height adjustable rails
The design incorporated two 1 cm thick aluminum 
sheets with lengths of 30 and 170 cm. Along either 
side of the sheets vertical strut bars were welded, 
each having a height of 32 cm. Holes were drilled 
along the height of the bars, spaced at 5 cm intervals. 
The aluminum sheets were also tapped with threads, 
allowing the optical components to be fastened 
down. The manufacture of the design was precision 
engineered in house by the mechanical instrument 
ZRUNVKRS 0,: DW8.=1 ,QLWLDO H[SHULPHQWDO
runs were conducted at the lowest setting, which 
corresponds to no height adjustment.
3.9 The turbulence model and thermocouple
Turbulence was created by a specially manufactured 
20 × 20 × 1 cm heated aluminum panel. Arranged on 
the underside of the panel was an array of high-pow-
HUHGUHVLVWRUVWKDWZHUH¿[HGLQWRSRVLWLRQXVLQJVWHHO
nuts and bolts. The electronics department carefully 
constructed an arrangement of resistors such that 
consistent heating existed above the panel. This was 
achieved using a surface temperature probe to mea-
sure the temperature at different points on the panel, 
and thereafter placing appropriate resistors to ac-
commodate their position. The aluminum panel was 
VQXJO\SODFHGLQDFDVHRQDEHGRI¿UHEODQNHWZKLFK
insulated it from external factors. The resistors varied 
in their resistances, according to Figure 2 (which 
SUHVHQWV UHVLVWDQFH YDOXHV LQ RKPVȍZLWK WKH
corresponding power values represented in Figure 3. 
%RWK¿JXUHVH[SOLFLWO\VKRZWKHDUUDQJHPHQWRIWKH
resistors on the panel.
The resistances shown in Figure 2 are written 
in standard form, where 3 KŁȍ HWF 6R
naturally, according to P = V
2
R
, a smaller resistance 
corresponds to a larger power. Figure 3 presents the 
power values associated with the resistors in watts 
(W). Intuitively, the largest powered resistors are on 
the corners since they are exposed on two of their 
four sides to natural elements. Thus, more power is 
needed to maintain the heat on the corners as opposed 
to the center of the panel, namely 29.7% more power.
The temperature range was controlled between 
0 and 180 ºC using a proportional integral derivative 
(PID) controller. The device served the purpose of 
setting, monitoring and controlling the temperature 
Fig. 2. Schematic resistance diagram of the turbulence 
panel.
3K3 3K33K9 3K9
3K9 3K94K7 4K7
3K9 3K94K7 4K7
3K9 3K94K7 4K7
3K9 3K94K7 4K7
3K3 3K33K9 3K9
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of the panel. Temperature measurements were taken 
using a sensitive J-type thermocouple with a two-deci-
mal precision. Table I shows the results obtained from 
the experiment for temperature vs. the position from 
the center of the panel, with the center point repre-
sented by 0 cm. Negative values represent a position 
to the left of the center and positive values represent a 
position to the right. The temperature of the PID was 
set to a value of 100 ºC, which corresponds to the tem-
perature of the panel as determined by using a surface 
WHPSHUDWXUHSUREH6XI¿FLHQWWLPHZDVJLYHQIRUWKH
air temperature to stabilize before readings were taken. 
Clearly from Figure 4, the heated panel is success-
ful in maintaining a uniform heat distribution along the 
surface of the panel with a standard deviation of 9.7 × 
10–2 ºC. The turbulence generated by the model was, 
therefore, effective in modeling an inhomogeneous 
and isotropic environment within an area of 0.04 m2. 
4. ([SHULPHQWDO SURFHGXUH
4.1. Layout 
A schematic layout of the design with the turbulence 
model included is presented in Figure 5.
As described in section 3.2, the Edmund optics rail 
was divided into three sections. The laser was mount-
HGRQWKH¿UVWFPUDLO7KHORQJHUFP 
rail supported the three collimators and the PDI. The 
second 15.24 cm rail supported the camera.
A crucial step in the setup of the apparatus was 
to reduce dust in and around the laboratory. Mini-
mal levels of dust are extremely detrimental to the 
produced interferograms, as light is scattered by the 
dust particles leading to stray light artifacts falling 
upon the detectors. This in turn causes inconsistent 
LQWHQVLW\SUR¿OHVZKLFKFDQQRWEHFKDUDFWHUL]HG7R
ensure that the optical components were free from 
dust, a commercial dust cleaner (Dust-Off) and meth-
anol were periodically used to clean the surfaces of 
the optical lenses with lens tissue. In addition, the 
apparatus was always covered when not in use.
4.2. Description
The turbulence model was used to generate a uni-
formly heated panel that could be varied by the 
user. The heat emanating from the panel randomly 
LQÀXHQFHVWKHUHIUDFWLYHLQGH[RIDLUZKLFKUHVXOWVLQ
Fig. 3. Schematic power diagram of the turbulence panel.
16W 16W13.6W 13.6W
16W 16W13.6W 13.6W
11.25W 11.25W13.6W 13.6W
11.25W 11.25W13.6W 13.6W
11.25W 11.25W13.6W 13.6W
11.25W 11.25W13.6W 13.6W
Table I. Relation between air temperature and the position 
from the center of the panel.
Position from the center of 
the panel (cm)
Air temperatures
(ºC)
–20 cm (to the left) 40.55
–15 40.47
–10 40.53
–5 40.26
Center 40.34
5 40.39
10 40.46
15 40.51
20 cm to the right 40.37
40.6
40.5
40.4
40.3
40.2
–25 –20 –15 –10 –5 0 5 10 15 20 25
40.55
40.45
40.35
40.25
Position from center of panel (cm)
Te
m
pe
ra
tu
re
 (º
C
)
Fig. 4. Temperature of the turbulence model plate at var-
ious positions.
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UDQGRPÀXFWXDWLRQVRIWKHSKDVHIURQWVRIWKHODVHU
beam. A wide range of temperatures could be tested 
as the model used a sophisticated PID algorithm con-
trol unit. Further measures were taken for precision 
purposes: a surface temperature probe was used to 
verify air temperature just above the panel.
0RGL¿FDWLRQRIWKHWXUEXOHQFHPRGHOLQYROYHGWKH 
inclusion of a pressure sensor, which monitored 
the pressure in and out of the turbulent region. The 
differential of pressures existing between the regions 
was measured on the device’s most sensitive setting, 
i.e. 0-100 Pa.
$UHÀHFWLYHîPP2'QHXWUDOGHQVLW\¿O-
ter of 2.0 mm thickness was positioned immediately 
after the laser, since it served the purpose of reducing 
any stray light in the produced interferograms. Some 
¿OWHUVFRQVLGHUDEO\UHGXFHGWKHLQWHQVLW\RIWKHOLJKW
falling upon the PDI, hence numerous tests were 
FRQGXFWHGWRGHWHUPLQHWKHPRVWHIIHFWLYH¿OWHUZKLOVW
ensuring bright, clear interferograms that could be 
characterized. Examples of interferograms are pre-
sented in Figure 6. One of them (in the left panel) 
GRHVQRWKDYHDQQHXWUDOGHQVLW\1'¿OWHUZKLOHWKH
other one (in the right panel) has it. The interferogram 
to the left shows random light artifacts that are not 
¿OWHUHGRXWE\WKHVSDWLDO¿OWHUDQGFROOLPDWRUV7KH
interferogram to the right used the abovementioned 
1'¿OWHUWRSURGXFHDÀDZOHVVLPDJHFOHDUO\GHSLFW-
LQJD*DXVVLDQIRUPSUR¿OHIRUDQXQSHUWXUEHGODVHU
EHDP$PRUHGHVFULSWLYHGLVFXVVLRQRIWKHSUR¿OHLV
provided in the results section. With the correct ND 
¿OWHUFKRVHQDQGLQSODFHWKHSURFHHGLQJFROOLPDWRUV
were moved back and forth to yield a focused beam 
at the PDI pinhole. By doing so, a Gaussian form 
LQWHQVLW\SUR¿OHZDVSURGXFHGZKLFKSURYLGHGVWDEOH
and clear interferograms. At all times, alignment was 
Monitor
Laser
Turbulence model Spatial filter
Collimating Lenses
PDI Camera
HDMI cable
Neutral density
filter
Pressure
sensor
Fig. 5. Two-dimensional top view of the complete optical train.
Fig. 6.&RPSDULVRQRIDQRQSUHVHQW1'¿OWHUZLWKDSUHVHQW1'¿OWHU
No neutral density filter present Neutral density filter present
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perilous and utmost care was taken in ensuring a 
FHQWUDOL]HGEHDP7KH¿QDOFRPSRQHQWLQWKHRSWLFDO
train was the DSRL camera, which was positioned 
to receive the laser beam at the center of its aperture.
An HDMI cable transferred the captured image 
onto a 23-inch HD screen. Interferograms were 
then used to study the effect of thermal turbulence 
on a propagating laser beam. This was done by 
extracting the wavefront information from the 
phase shifts that formed on the interferograms due 
to thermal perturbations on the propagating laser 
beam. The wavefronts were analyzed using ImageJ 
DQG0DWODE$GHVFULSWLRQRIWKH¿QGLQJVZLOOEH
discussed later.
5. 5HVXOWV DQDO\VLV DQG GLVFXVVLRQ
Data analysis began at a room temperature of 23.1 ºC. 
Temperature of the air was measured using a ther-
mocouple positioned in close proximity to the laser 
beam. However, the value of air temperature did not 
correlate with the apparent temperature of the heated 
panel. This could be due to heat being transferred only 
through convection. Table II shows the temperature of 
the heated aluminum panel against the temperature 
of the air 28 mm above the heated panel.
Numerous experiments were performed over a 
number of days and the consistency of the interfero-
JUDPVZDVDQDO\]HG7KHDYHUDJHGUHVXOWVDUHUHÀHFW-
HGRQWKHIROORZLQJSDJHVVSOLWLQWR¿YHFDWHJRULHV
Five interferograms are depicted on the subsequent 
SDJHV6HFWLRQFRUUHVSRQGLQJWRWKH¿UVWUHDGLQJ
includes the data for the unperturbed laser beam at 
a room temperature of 23.1 ºC (Figure 7). Sections 
5.2 to 5.5 (corresponding to readings 2 to 5) present 
the data for the perturbed laser beam, which was 
subjected to thermal turbulence of 35, 45, 55, and 65 ºC, 
respectively.
Table II. Comparison between actual air temperature and 
temperature of the heated panel.
Reading Temperature of air
(ºC)
Temperature of plate 
(ºC)
1 23.1 0
2 35.0 97
3 45.0 122
4 55.0 150
5 65.0 178
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Fig. 7. Unperturbed interference pattern.
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Fig. 8. Magnitude of the FFT.
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5.1 Reading 1 (at 23.1 ºC)
To determine the extent to which the thermal tur-
bulence affected the propagating laser beam, it was 
necessary to compare readings 2-5 with reading 1. 
A fast Fourier transform (FFT) was used, since it 
resolves an image into its magnitude and phase do-
mains. The magnitude is useful for image processing 
since all the frequencies that compose the image are 
VSHFL¿HG'XHWRWKHIDFWWKDWSKDVHLPDJHVGRQRW
SURYLGHVXI¿FLHQWQHZLQIRUPDWLRQ WRGHVFULEH WKH
image any further, we will focus on the frequen-
cy domain. In Figure 8, the image is formed on a 
two-dimensional plane in polar representation and 
contains various components whose magnitudes 
decrease with larger frequencies. The central bright 
spot is known as the zero frequency zone or direct 
current zone and represents the average color value 
of the entire image. Additionally, the image does not 
contain imaginary components, thus the magnitude 
at the center has a zero phase resulting in a grey 
spot. The large concentration around the central 
point indicates a lower spatial frequency. Numerous 
adjustments can be made to the transformed image 
to either improve the focus or decrease blurriness, 
ZKLFKFDQEHDFKLHYHGE\DSSO\LQJDORZSDVV¿OWHU
to preserve the low frequency regions, or a high pass 
¿OWHU WRSUHVHUYH WKH VKDUSQHVVDQGGH¿QHGHGJHV
,QWHUPLWWHQW¿OWHUVNQRZQDVEDQGSDVV¿OWHUVFDQEH
applied. In subsequent readings we will compare the 
FFT’s to Figure 8 by image subtraction. If the sub-
traction yields a completely grey image it is implied 
that the two images coincide completely, hence there 
is no change in beam position or phase. Figure 9 
VKRZV WKDW WKH LQWHQVLW\ SUR¿OH RI DQ XQSHUWXUEHG
beam resembles that of the laser Gaussian laser beam 
(i.e., no change in intensity).
5.2 Reading 2 (at 35 ºC)
Reading 2 was taken at a measured air temperature of 
35 ºC. Within the turbulent region, the laser beam is ex-
posed to a temperature increase of 11.9 ºC above room 
temperature. The interferogram in Figure 10 does not 
display signs of distortion or defocus but it does have 
some signs of image blurring. The large localization 
around the centroid of Figure 11 describes a larger 
lower spatial frequency distribution. The intensi-
ty distribution in Figure 12 implies some energy 
redistribution occurring between 50 and 150 units, as 
well as between 300 and 400 units. In the analysis of 
100
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Fig. 10. Perturbed interference pattern.
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Fig. 11. Magnitude of the FFT.
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Figure 13, the image subtraction describes an almost 
completely greyed-out result, although there are 
black specs scattered randomly over the image. The 
image subtraction data shows a vague outline of the 
centroid in black Figure 13. According to Banish et al. 
(1990) this can be attributed to minor image blurring.
5.3 Reading 3 (at 45 ºC)
Reading 3 was conducted at 45 ºC, 21.9 ºC above 
room temperature within the turbulent region. The 
interferogram in Figure 14 shows signs of distor-
tion, defocus and blurring. The intensity profile 
VWLOO DVVXPHVD*DXVVLDQSUR¿OH LQ)LJXUHZLWK
minor energy redistribution between 100 and 150 
units. The lower spatial frequencies in Figure 16 
are beginning to darken, which indicates that phase 
Fig. 13. Image subtraction of reading 2 from 1.
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Fig. 14. Perturbed interference pattern.
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Fig. 16. Magnitude of the FFT.
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Fig. 17. Image subtraction of reading 3 from 1.
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shifts are becoming more distinct with the increasing 
temperature. The darker line running down Figure 17 
shows a redistribution of the spatial domain in the 
interferogram, which corresponds to both image blur 
and image defocus. Banish et al. (1990) describe a 
similar scenario, which has been inferred in this work.
5.4 Reading 4 (at 55 ºC)
Reading 4 is 31.9 ºC above room temperature inside 
the turbulent region. The interferogram shows signs of 
deformity at the centroid and non-uniformity between 
the spacing of the nodes and anti-nodes. A phenom-
enon described by Andrews et al. (2005) known as 
beam jitter, which describes the movement of the beam 
around the unperturbed region, is evident here. The 
lower spatial frequencies in Figure 19 do not coincide 
well with the original unperturbed FFT. This implies 
defocus and image blurriness (Banish, 1990), which 
can be directly seen from the interferogram, possibly 
resulting from redistribution of power spatially in 
WLPHGXH WR WKH WKHUPDOÀXFWXDWLRQV 6KDLN
Energy redistribution over the beam in Figure 20 
is severe over the 500 to 700 units region, with an 
overall maximum energy peak of less than 250 units. 
This redistribution of beam energy is known as beam 
spread (Andrews et al., 2005). The image subtraction 
data in Figure 21 shows signs of darkening around 
the centroid. The severity of the image distorsion and 
image blur are becoming more evident.
5.5. Reading 5 (at 65 ºC)
Reading 5 presents the results of the most extreme 
temperature achievable using the heated panel. At 65 ºC, 
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Fig. 18. Perturbed interference pattern.
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Fig. 19. Magnitude of the FFT.
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Fig. 21. Image subtraction of reading 4 from 1.
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which has already been determined visually from 
the interferogram analysis (Banish et al., 1990). To 
classify the turbulence effect at various tempera-
tures, the refractive index structure function was 
calculated and the results displayed in Table III. 
Figure 25 displays the image subtraction data of 
reading 5 from 1.
the laser beam is exposed to thermal heat radiating at 
41.9 ºC above room temperature. The interferogram 
in Figure 22 shows signs of image blurring, defocus 
and shape distortion (beam jitter). The intensity 
SUR¿OH )LJKRZHYHUSURYLGHVDFOHDUHUXQ-
derstanding of energy redistribution over the beam. 
The maximum energy peak has decreased from a 
possible 250 units to an approximate value of 220 
units. The energy redistribution (beam spreading) is 
considerable over the region of 400 and 700 units, 
and displays random non-uniform energy peaks. An 
explanation for this could be described through the 
use of the image subtraction data. A darker region 
around the center is evident when compared to 
previous data, which implies larger lower spatial 
frequency redistribution (Fig. 24). This implies 
that it leads to increased defocus and image blur, 
Table III. Results of the turbulence strength for r = 0.2 m.
Reading C 2T.2 m–2/3) C 2n (×10–12 m–2/3)
1 1.35 1.11
2 1.73 1.42
3 2.37 1.94
4 2.81 2.29
5 3.29 2.69
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Fig. 22. Perturbed interference pattern.
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Fig. 24. Magnitude of the FFT.
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Fig. 25. Image subtraction of reading 5 from 1.
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HI¿FLHQWDQGWKLVGLVFUHSDQF\FDQEHDWWULEXWHGWRWKH
relatively short propagation paths. Figure 26 presents 
a graph of C 2n vs. temperature for a separation distance 
of r = 0.2 m.
6.1. Comparison of C 2n data from various publications
Table IV presents the refractive index structure con-
stants C 2n from various published data. As previously 
explained, the values vary from one source to the other 
DQGWKHLUUHOHYDQFHLVKLJKO\LQWHUSUHWLYHIRUVSHFL¿F
conditions. Numerous factors, such as wind speed, 
humidity and mean temperature need to be consid-
ered before the data can be directly compared to our 
work. However, we are able to immediately ascertain 
a common trend in this work and all comparative data: 
C 2n is temperature dependent. To graphically analyze 
and verify this trend, it may be necessary to plot a few 
scenarios of C 2n vs. temperature from various sources.
Varying values of C 2n are tabulated in Table IV. 
The higher values of C 2n, as described by Ngo Nyobe 
et al. (2014), describe a highly turbulent atmosphere 
and predict a high level of visual blurring such as the 
wavy lines one may encounter when looking at a hot 
Table IV. Comparison of results for C 2n vs. temperature.
C 2n (m–2/3) range Reference
1.1 × 10–12 – 2.6 × 10–12 This work
1.0 × 10–9 – 1.8 × 10–7 Wright and Schutz, 1967
6.0 × 10–16 – 3.0 × 10–15 Weichel, 1990
5.7 × 10–12 – 4.2 × 10–10 Magee, 1993
2.0 × 10–16 – 4.5 × 10–14 Tunick et al., 2005
2.5 × 10–19 – 1.1 × 10–17 Ndlovu, 2013
(3.3 ± 0.15) × 10–18 Ngo Nyobe et al., 2014
6. 'HWHUPLQDWLRQ RI C 2n
From Eq. (2) we can determine the turbulence 
strength due to a variation of temperature. A 
series of five readings were taken with a sep-
aration of r = 0.2 m. Readings 1-5 were taken 
at temperature values starting at approximately 
30 ºC and ending at approximately 60 ºC with 
5 ºC intervals. Before C 2n can be determined, the 
temperature structure function C 2T is required. 
This may be determined by invoking Eq. (3). 
Table III describes the temperature structure function 
C 2T and the turbulence strength C 2n with separation 
r = 0.2 m. The data obtained for C 2n ranges in mag-
nitude from 1.1 × 10–12 m–2/3 to 2.7 × 10–12 m–2/3, 
ZKLFKFDQEHFODVVL¿HGXQGHUWKHVWURQJWXUEXOHQFH
regime (Banish et al., 1990). Previous work by 
Ndlovu (2013) described an environment of very 
weak turbulence within the turbulent region using a 
similar experimental setup. His results are undoubt-
edly due to a fractional area being heated by the 
cigarette lighter source (Ndlovu, 2013). Although 
WKHÀDPHSURGXFHVLQWHQVHWHPSHUDWXUHVWKHIRFXV
of the heat is over a minuscule area. The turbulence 
generator used in our experiment provided a more 
consistent temperature delivery over a much larger 
region. Additionally, in our work slight variations 
in pressure were recorded, which allowed for the 
precise calculation of C 2T, the temperature structure 
function. Ndlovu (2013) neglected to account for 
this in his work, and it seems to have contributed 
to his lower values.
Typical values of C 2n for the atmosphere are 
IRXUWR¿YHRUGHUVRIPDJQLWXGHODUJHUWKDQWKRVH
obtained by Ndlovu (2013) and compare more 
favourably to the values determined in our work 
(Gochelashvili and Shishov, 1974; Gamo, 1978). 
Previously published values of C 2n vary drastical-
ly from one source to another and are debatable 
(Gochelashvili and Shishov, 1974; Gamo, 1978). 
In the open atmosphere path lengths extend over 
vast distances, and in order for turbulent effects 
to be realized the turbulence model must generate 
stronger disturbance. This fact is evident as shown 
by the Rytov variance with σ 2R =1.4 × 10–3). For short 
propagation distances, as achieved in the laboratory, 
Gaussian beam propagation requires the condition 
of σ 2RIRUZHDNWXUEXOHQFHHIIHFWV7KHDFKLHYHG
scintillation therefore describes a weak turbulent 
environment despite the strong refractive index co-
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Fig. 26. Graph of C 2n vs. temperature with a separation 
distance of r = 0.2 m.
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metal surface. Lower values of C 2n as described by 
Ndlovu (2013), indicate more adiabatic conditions 
such as in windy or cloudy conditions. Figure 27 is a 
plot of C 2n versus temperature as obtained experimen-
tally by Magee (1993), who introduced a turbulent 
environment within a turbulence chamber in the 
laboratory and measured the perturbed wavefront 
using a shearing interferometer, which allows direct 
comparison with our own results. Table V presents 
the data for the plot in Figure 27.
Figures 26 and 27, although having different 
measurement scales, display similar patterns at 
higher temperatures. The differences in scales are 
attributed to the large turbulence chamber used by 
Magee (1993), which provided consistent heating 
over a much larger path length than ours, and it fully 
surrounded the beam whilst ours did not. The differ-
ent scales could also be due to pressure and humidity 
ÀXFWXDWLRQVZKLFK FRQWULEXWH WR WKH WHPSHUDWXUH
structure function. Our results are very pleasing 
when considering that the equipment used by Magee 
(1993) was highly specialized and very expensive. 
The major advantage of our work is the ability to 
reproduce equivalent results but still remaining robust 
DQGKLJKO\FRVWHI¿FLHQW
Another interesting set of comparative results is 
that of Weichel (1990), in which the refractive index 
structure constant was determined at varying alti-
tudes. Measurements were made from ground level 
to a height of approximately 3 km, while we restricted 
ours to a region of 300 m within the troposphere for 
analysis reasons. See Table VI for the data of altitude 
vs. temperature vs. C 2n. A plot of C 2n vs. altitude is 
presented in Figure 28. Data provided by Weichel 
(1990) does not include temperature values in relation 
to altitude; therefore a standard atmosphere calculator 
.URRZDVXVHGWRFRPSXWHDSSUR[LPDWHWHP-
peratures. Although our results differ from those pre-
sented in this work, the comparison is useful since the 
troposphere represents our region of interest. It is 
the most active in terms of wind sheer and humidity, 
and displays a decrease in temperature with respect to 
altitude. Figure 28 describes an increase in C 2n related 
to altitude. This is expected, since a decrease in C 2n is 
also predicted for decreasing values of temperature.
6.2 Error analysis
The statistical error in our work has been minimized 
by averaging results for C 2n (approximately 500 values 
were averaged for a single C 2n, as stated in Table III). 
The values for C 2n varied by less than 0.5% and thus 
may be neglected. Some experimental error analysis 
4.00E–10
0 10 20 30 40 50 60 70 80
Temperature (ºC)
3.00E–10
2.00E–10
1.00E–10
3.50E–10
2.50E–10
1.50E–10
5.01E–11
5.70E–14
C
n2
(m
–2
/3
)
Fig. 27. Graph of C 2n vs. temperature (Magee, 1993).
Table V. Results of C 2n compared with temperature. 
Temperature (ºC) C 2n (× 10–12 m –2/3)
27 5.7
35 23.0
49 170.0
73 420.0
Table VI. Comparison of C 2n results with temperature and 
altitude. 
Altitude (m) Temperature (ºC) C 2n (× 10–15 m –2/3)
1 14.99 3.0
3 14.98 2.0
10 14.94 1.5
30 14.80 1.0
100 14.35 0.6
300 13.05 0.6
Fig. 28. Graph of C 2n vs. altitude (Weichel, 1990).
3.30E–07
2.80E–07
2.30E–07
8.00E–08
1.30E–07
1.80E–07
3.00E–08
0 50 100 150 200 250 300 350
Altitude in meters above ground
Decreasing temperature
C
n(
m
–1
/3
)
399Laser beam propagation
is also necessary. The accuracy of the PDI controller 
is quoted at 95%, hence a maximum error of 5% can 
be expected for the turbulence generator. The pressure 
sensor quotes a maximum possible error of 0.1 Pa (1%). 
The thermocouple states a precision of 0.1 ºC, which is 
approximately a 1% error. The total experimental error 
can be estimated at approximately 7%, hence a new C 2n 
range can be rewritten as (1.89 ± 0.64) × 10–12 m –2/3.
6.3. Phase structure function Ds(r)
Figure 29 presents the phase structure function as 
a function of the outer scale L0. The separation of 
the inner and outer scales is represented by r, which 
W\SLFDOO\YDULHVEHWZHHQPPUPP.HUU
1972). An increase in the outer scale directly relates 
to an increase in the geometric structure function. 
7KLVUHODWLRQZDVSURYHGE\.HUUDQGVKRZQ
by Ndlovu (2013) to have a similar trend.
The atmospheric coherence diameter was also 
determined to be r0 = 22 cm, which falls within the 
10% of accepted published values (Magee, 1993). For 
the high atmosphere observatories and in the presence 
of good seeing conditions, a value of r0 = 20 cm can 
be achieved. Due to the ground level positioning of 
the laboratory, optical seeing conditions are much 
weaker as a result of the high convective nature of the 
atmosphere. Thus, optical perturbations of the laser 
beam increase causing an enlargement of the optical 
coherence diameter.
7. &RQFOXVLRQV
8QLTXHPRGL¿FDWLRQVKDYHEHHQDSSOLHGWRDQH[LVWLQJ
system to measure the effects of thermal turbulence 
on a laser beam. The laboratory experiment used a 
PDI to measure the thermal turbulence effects on a 
propagating laser beam in the air. Analysis of the pro-
duced interferograms required the use of fast Fourier 
transforms to decompose them into their constituent 
magnitude and phase regimes.
It has been previously discussed that the magnitude 
regime is of great importance, since it reveals the ma-
jority of the analysis data from the image. The data stat-
ed for the laser beam at a room temperature of 23.1 ºC 
represents the baseline for all comparisons. The 
data analysis revealed that an increase of 11.9 ºC 
provided substantial evidence that the laser beam ex-
SHULHQFHGDOWKRXJKPLQRUGLUHFWLRQDOÀXFWXDWLRQVDV
well as image blur. Subsequent data at higher thermal 
turbulence showed that the severity of intensity and 
GLUHFWLRQDOÀXFWXDWLRQVLQFUHDVHGLQDFFRUGDQFHZLWK
temperature increases. This result agrees well with the 
Rytov approximation, which indicates that for weak 
turbulence an increase in temperature leads to intensity 
ÀXFWXDWLRQV
The laboratory measured data (namely temperature 
structure function, refractive index structure function, 
scintillation and Fried’s parameter) were also deter-
mined and are comparable to numerous published data. 
Each source varies drastically, which is acceptable 
since small changes in the path length or temperature 
affect calculated data drastically. According to data 
of C 2n, the turbulence strength resembles very strong 
conditions but, due to the short propagation length, the 
scintillation contradicts this result. The environment 
falls within the very weak turbulence regime, since 
σ 2R$FRKHUHQFHGLDPHWHURIFPGHWHUPLQHGLQWKH
laboratory does not fall within the range of 5-20 cm, 
since the seeing conditions at ground level are bad 
due to various factors, such as weather and the highly 
turbulent nature of the atmosphere. 
Thus, we have effectively setup and tested a 
robust, inexpensive, highly accurate experiment to 
detect the effect of thermal turbulence on a propagat-
ing laser beam in air using a point diffraction inter-
ferometer. Future research should focus on changing 
the turbulent source to include a heated wind stream, 
which provides heat through a high velocity medium. 
Also of interest will be to move the entire setup to 
longer propagation distances in an open environment. 
A different choice of laser may also be necessary to 
examine the extent to which other lasers are affected. 
Such results are useful in defense technology and are 
therefore sought after by many researchers.
Fig. 29. Graph of the phase structure function Ds (r) as a 
function of L0.
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